To ensure the protection of drinking water an understanding of the catchment processes which can affect water quality is important as it enables targeted catchment management actions to be implemented. In this study factor analysis (FA) and comparing event mean concentrations (EMCs) with baseline values were techniques used to asses the relationships between water quality parameters and linking those parameters to processes within an agricultural drinking water catchment. FA found that 55% of the variance in the water quality data could be explained by the first factor, which was dominated by parameters usually associated with erosion. Inclusion of pathogenic indicators in an additional FA showed that Enterococcus and Clostridium perfringens (C. perfringens) were also related to the erosion factor. Analysis of the EMCs found that most parameters were significantly higher during periods of rainfall runoff. This study shows that the most dominant processes in an agricultural catchment are surface runoff and erosion. It also shows that it is these processes which mobilise pathogenic indicators and are therefore most likely to influence the transport of pathogens. Catchment management efforts need to focus on reducing the effect of these processes on water quality.
INTRODUCTION
In the drinking water industry, current best practice in terms of reducing risks to consumers is the use of multiple barrier and preventive risk management. Some examples of common barriers used for the protection of drinking water include detention in large storage reservoirs, treatment/ disinfection and a closed distribution system. One of the most critical barriers, however, is catchment management.
It is critical because it is usually the first barrier in the system. It is also a preventive measure in that it attempts to control contamination at the source before it enters the water. This preventive approach is emphasised in the Australian Drinking Water Guidelines (ADWG) as it provides a greater surety of the absence of contaminants than does subsequent removal or reduction of contaminants by treatment (NH&MRC 2004) .
To ensure that catchment management is effective, it is beneficial to know the processes within the catchment which have the greatest impact on water quality. Improvement works that are known to affect these processes can then be implemented within the catchment with an increased confidence that they will improve water quality. It can be difficult to measure the impact of catchment improvement works such as fencing of streams and gully replanting, and such measurement has often been based on visual inspections rather than on water quality observations (Benham et al. 2005) . This can be due to the length of time taken for such works to become effective, along with the inherent difficulty in collecting relevant and informative water quality data, especially in terms of pathogenic data. Quantification of the benefit of works for doi: 10.2166/wh.2010.162 can be used to identify the most appropriate catchment management works to improve drinking water quality.
The Tarago Reservoir catchment in Victoria, Australia, was chosen as the study catchment based on a number of factors. It is an agricultural catchment that supplies water for drinking, it has a good quality and extensive data set, both in terms of length and number of parameters and it has a current water quality monitoring programme that includes storm event and pathogenic indicator sampling. Additionally, in an effort to reduce the risks to drinking water quality, a number of catchment management works have been undertaken in the catchment over the past 15 years. These works include: stream frontage management and fencing, introducing whole farm planning initiatives, roadside management and septic tank management, among others.
Catchment managers, water authorities and the community all have an interest in the ability of these works to improve water quality. This paper uses two different techniques, factor analysis (FA) and analysis of event mean concentrations (EMCs), to determine the processes within the Tarago catchment that have the most impact on water quality. The results of these analyses can be used to help set catchment management priorities.
Multivariate statistics, including FA, have been used in various studies assessing different aspects of water quality.
In most cases FA is used to evaluate the spatial and temporal changes in water quality and to determine trends. Groundwater analysis has been the focus of a number of studies: for example, delineating the boundaries where groundwater is affected by seawater intrusion (Liu et al. 2003) and gaining a better understanding of the processes affecting shallow groundwater in an irrigation district (Ahmed et al. 2005) . Paul et al. (2006) used FA to group different watersheds with similar characteristics to allow the study of the catchments as a group, effectively reducing the amount of sampling and the number of individual studies required. FA will be used in this work for exploratory water quality analysis. It will be used to interpret water quality data and relate it back to processes, environmental or anthropogenic, within the catchment. Siriwardhema (1999) carried out similar work in the Tarago catchment with data from 1974 to 1993. He found that the most significant processes in the catchment were erosion and surface runoff. The current study includes an additional five years of data as well as taking into consideration pathogenic indicators, ensuring that the results are relevant to the implementation of catchment management initiatives from a drinking water perspective.
Evaluation of EMCs is used extensively in urban stormwater engineering (Signor et al. 2005) . It has been used to characterise and quantify runoff quality as well as evaluate the significance of the first flush phenomenon (Hallberg 2006; Yongjing et al. 2009 ). Dynamic EMCs have been used to explain the variation in pollution levels over the period of a runoff event coming from a paved area (Kim et al. 2007) . The results were then used to suggest appropriate treatment solutions. In this study EMCs are compared with baseline values in a natural stream in an agricultural catchment to allow an assessment of the effect of rainfall on constituent concentrations. In a predominately pervious catchment, such as an agricultural one, increases in pollutant loads during storm events and the significance of the increase has not been widely researched.
In order to carry out these analyses, an extensive amount of data is required and some of the problems associated with collecting this data are discussed. The paper will endeavour to assess catchment processes such as erosion, direct contamination and groundwater contamination as well as the effect of rainfall runoff.
Following the analysis it is hoped that certain catchment management works can be identified that will provide obvious water quality benefits leading to recommendations for improving the management of the catchment.
MATERIALS AND METHODS

Study area
The Tarago Reservoir is a drinking water reservoir located about 100 km east of Melbourne, Victoria, which has a catchment area of 11,400 hectares. Of this area approximately 2,300 ha contributes to direct runoff into the reservoir and the remaining areas drain into three perennial streams, the West Tarago River (with a catchment area of 7,200 ha), East Tarago River (1,300 ha) and Crystal Creek (800 ha), see inflow to the reservoir but from a drinking water perspective it represents the majority of the risk. This is due to the rural land uses that it supports in its catchment, which include horticulture, residential, a dairy and grazing. A range of parameters were chosen for this study based on the amount of data available (see Table 1 ). Water quality Before undertaking analysis of any data set it is important that the limitations of that data are explored.
Water quality data sets taken over a long period of time are likely to exhibit some of the following problems: missing data, errors, multiple observations, censored data, outliers and changes to measurement or recording technique (Gilbert 1987) . Missing data within the selected Tarago data set was not deemed important owing to the large number of observation points (Tabachnick & Fidell 1996) .
It was found that less than 1% of the data points were multiple observations and these were deleted from the data set. Less than 1% of the data were determined to be outliers; that is, more than three times the standard deviation away from the median. Outliers were individually assessed so that if that point corresponded with high values in other parameters, indicating an event, environmental or anthropogenic, it was considered to be reasonable and retained.
However, if it was the only high value for that time stamp it was deleted from the data set. Censored values are defined as those which fell below a level associated with some minimum acceptable level of reliability (Gilliom et al. 1984) .
These values only made up 2% of the total data set.
Censored data were replaced with half their detection limit, which is an effective and efficient method of dealing with these values (Zhang et al. 2004) .
Data analysis
There are many processes within a catchment which may affect water quality, both environmental and anthropogenic.
In an attempt to determine the most significant and dominant catchment processes, FA and event data analysis was undertaken.
Factor analysis (FA)
FA is a multivariate statistical method that can be used to reduce the amount of data being used to predict a response.
FA summarises the data by means of a linear combination of observed variables with the goal being to determine the smallest number of variables that will explain most of 
Event analysis using event mean concentrations (EMCs)
When assessing events it is not just the maximum or average contaminant concentration that is significant but rather the total storm flow weighted average. This is calculated using the EMC, which is defined as the total storm load (mass) divided by the total runoff volume, see Equation (1):
where, EMC j is the EMC of the jth event and Q ij and C ij are the ith flowrate and concentration pair measured during the jth event.
This equation is more correctly displayed iteratively but the difference in values obtained from each method is negligible when compared with other measurement uncertainties (Signor et al. 2005) .
A t-test was used to determine whether the EMCs were statistically significantly different from the mean concentrations during baseflow conditions. A significance level (/) of 0.05 was chosen as the basis for determining whether the means were statistically different. This is the most commonly used significance level in scientific research (Varkevisser et al. 2003) .
RESULTS AND DISCUSSION
Factor analysis (FA)
The data set used, shown in Table 1 , has over 3,500 data points, which is more than adequate given similar FA carried out by Boyacioglu (2006) and Shrestha & Kazama (2007) who used less than 500 and less than 2,000 data points, respectively.
Undertaking FA requires a correlation matrix to be calculated to determine the factorability of the data, or the amount of intercorrelation between parameters. Tabachnick & Fidell (1996) state that, for a correlation matrix without any correlations over 0.3, FA should be reconsidered. A sufficient number of significant correlations indicate that there may be some underlying processes affecting several parameters and that undertaking FA could successfully reduce the dimensionality of the original data set. Table 2 shows the correlations between parameters and shows that over a third of the correlations were greater than 0.3. This was deemed to be a sufficient number to indicate the possibility of an underlying process and therefore FA could be carried out.
The next step in FA involves determining the appropriate number of factors that need to be extracted in order to explain most, or a sufficient amount, of the variance in the data set.
This can be done using a scree test which is a visual test where the eigenvalues, which measure the significance of the factor, are plotted against the factors. The number of factors selected corresponds to the point at which the graph becomes approximately horizontal or at which the eigenvalues go below one. Figure 2 shows the scree plot for this data.
From analysis of this graph it is reasonable to extract three factors for the East catchment as after this point the eigenvalues are clearly below one. Three factors should be enough to explain the majority of the variance and assess the processes in the catchment affecting water quality. Table 3 shows the amount of variance explained by each of the first three factors as well as the total cumulative variance.
Over 80% of the variance in the data is explained with the first three factors. Additionally the first factor explains over 55% of the data variance and so this will represent the dominant transport processes within the catchment.
In order to find the best solution when undertaking FA, rotation techniques may be implemented. This improves the interpretability and scientific utility of the solution but it does not improve the quality of the results (Tabachnick & Fidell 1996) . There are many rotational techniques but by far the most popular is the varimax method devised by Kaiser (1958) . Varimax rotation maximises the variance of the squared loadings for each factor and polarises the loadings so they are either high or low thus making it easier to identify factors with specific observed parameters (Marcoulides & Hershberger 1997) . Table 4 Both ammonia and pH have high loadings in factor 2 and they are negatively correlated. The soluble nature of ammonia in water means that the likely transport mechanism will be in solution as surface runoff or as groundwater.
The delivery of ammonia to the stream is not related to erosion or the movement of sediments and therefore not influential in factor 1. The negative correlation between the two parameters is due to the fact that as pH decreases the solubility of ammonia increases.
The third factor relates to nitrate. Nitrate, like ammonia, is soluble and this factor is therefore again indicating the influence of groundwater or surface runoff on the water quality. Nitrate has been shown to partition into soil pores and is flushed out when the soil moisture increases (Rosenzweig et al. 2008) . This indicates that the catchment needs to be partially saturated before nitrate will be released. As with factor 2, this factor is not related to erosion or to particle movement. Ammonia and nitrate influencing two different factors suggests that their transport mechanisms are also unique from each other.
The overall ability of FA to reduce the number of parameters needed to explain the majority of the data in this case was weak. That is, to explain 82% of the variance across three factors all 10 parameters were needed. FA was, however, successful in identifying the most significant processes within the catchment.
FA with the inclusion of pathogenic indicators
Including the pathogenic indicators in a FA was undertaken to determine the processes that are most likely to be related to pathogen movement. This was done as a separate piece of work because of the shorter time period of data collection.
There were 19 days over a 3-year period where all parameters were collected and with 14 parameters this resulted in 266 data points; this was still deemed as an acceptable number given the work by Boyacioglu (2006) who separated their limited data points into two groups, one of 180 and one of 350. Varimax rotation with three factors extracted was undertaken (see Table 5 ).
This analysis showed that the indicators Clostridium perfringens (C. perfringens) and Enterococcus were related to factor 1, which is the surface runoff and erosion factor.
This suggests that these indicators are either attached to soil particles (as suggested by Mallin et al. 2000) or behave in a similar way. Factor 2 was dominated by total coliforms, which are commonly but incorrectly used as an indicator of faecal pollution. Total coliforms can occur naturally; most have an environmental origin either as plant pathogens or as normal inhabitants of soil and water (Stevens et al. 2003) .
In this catchment total coliforms are not associated with factor 1 and, therefore, neither are they associated with surface runoff or E. coli (a type of faecal coliform found exclusively in the gut of humans and warm-blooded animals), which indicates that they are environmental rather than faecal in origin. It is interesting that E. coli
is not a major influence with any of the factors, even those that include the other two faecal indicators. Both
Enterococcus and C. perfringens can survive longer in the environment than E. coli (Medema et al. 1997 ) and this may be why they are more influential in factor 1. E. coli does have a loading of 0.622 for factor 1, which is high but not influential when judged on the criteria set out at the beginning of the analysis. This result may simply be due to the fact that there was an insufficient amount of data available (116 data points) to give a significant conclusion.
In this case 11 out of the 14 parameters were needed to explain 79.4% of the variance in the data set. 
Event analysis
Overall, five events were sampled and a summary of each, along with the EMCs, is provided in Table 6 . Half the parameters that were analysed in the FA were not measured during events. However two additional parameters, nitrite and orthophosphate, were.
Each event is unique in terms of the environmental conditions such as rainfall intensity and preceding dry period and it is important to remember this when assessing and comparing concentrations generated during events.
It is also important to consider the sampling regime, as the stage of the hydrograph where the samples are taken can affect concentrations. Each event's sampling regime was different owing to storm size, both peak and duration, and sampling equipment performance. Figure 3 shows the sampling regime during event 3, which is ideal as it captures the peak as well as the rising and falling limbs of the hydrograph.
Capturing a storm in this way could provide an indication as to whether there is a flush of contaminants from the catchment, as is reported in urban storm water literature (Lee et al. 2002; Taebi & Droste 2004) , or whether once mobilised there is a seemingly endless supply of pollutants, as reported by Roser et al. (2002) . This sampling regime is similar to the sampling regime in event 1. Events 2 and 4 were, however, sampled mostly on the falling limb of the hydrograph whereas event 5 was sampled on the rising limb.
Comparison of the EMCs with the average concentration from baseline sample data yielded some interesting results. As expected, most parameters showed a statistically significant (/ , 0.05) increase in concentration during storm events (see Table 7 ). There were some, however, that were not statistically significantly different.
Both nitrate and nitrite were not significantly different from baseline values in the three events that had a smaller total rainfall and smaller intensities, namely events 2, 4
and 5. This observation may signify that the majority of the nitrogen reaching the stream is doing so via the groundwater and is not affected by rainfall unless the intensity is high. This observation is also consistent with the findings of the FA that nitrogen is not related to erosion and has a unique transport mechanism.
Enterococcus concentrations are not significantly different from baseline values in events 2 and 4, whereas for events 1, 3 and 5 they were significantly different. Of the five events, events 2 and 4 have the two lowest rainfall totals and the lowest rainfall intensities. It could therefore be hypothesised that this indicator needs a high rainfall intensity to be mobilised. Events 2 and 4 are also preceded This is similar to findings reported by Roser et al. (2002) .
In addition to the above, the first flush concept says that a certain storm event will produce more or less pollutant load to the receiving water depending on the intensity of the rainfall (Taebi & Droste 2004) . For the five events in the East catchment that were sampled, the rainfall patterns and intensities varied significantly both in total volume and timing, making comparison difficult. However, the results for Enterococcus, as discussed above, seem to indicate a first flush effect. It would be necessary to sample a number of additional events if conclusions about parameter concentration were to be drawn based on rainfall intensity specifically.
The concentration of orthophosphate in the majority of events is not significantly affected by rainfall runoff. This suggests that, like nitrate and ammonia, it has a unique transport mechanism, possibly related to groundwater.
It is clear, from the five events sampled, that the concentrations of pollutants increase significantly during rainfall and therefore these times are when the risk to water quality is the greatest. This work highlights the importance of monitoring rainfall events in a drinking water catchment. It also shows that the analysis of events is not always simple given the amount of variables that characterise an event and the often randomness of the sampling regime. Given these facts it is important in a drinking water supply catchment to monitor as many events as possible in order to gain a good understanding of the catchment and the risks to water quality.
CONCLUSIONS
Based on the statistical analysis reported above, the most dominant process in the East catchment affecting water quality is surface runoff and erosion. It follows that in high runoff events, parameters associated with these processes, including turbidity, suspended solids, TKN, phosphorus and Enterococcus, are even more dominant. This work supports the idea that the highest risk period in a catchment supplying drinking water is during storm events and, in order to adequately assess the risk, this is when monitoring should be undertaken. Monitoring and analysing more events will help confirm the conclusions reached in this study. It will also allow for events of higher or lower intensity to be monitored, enabling the effect of storm characteristics on contaminant concentrations found in streams to be determined.
Interestingly, an increase in
